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Coriolus versicolor, a white-rot Basidiomycete, secretes lignocellulolytic enzymes
and polyphenol oxidase (PPO). While the former degrade wood polymers, the latter
converts diphenols to diquinones. Because C. versicolor can be ‘batch-cultured’, over¬
production and enhanced secretion of agriculturally/commercially useful enzymes are
feasible. Reported are attempts to: define the timed-appearances of intra- and
extracellular PPO, achieve possible PPO substrate induction, ascertain its secretion route
and partially purify extracellular PPO. Whereas two protein peaks (6 and 12 days in a
16 day time-course) were observed for dialyzed mycelial homogenates, PPO specific
activity (spc. act.) rose between 4 and 12 days and then declined. Dialyzed growth
medium protein content climbed from 6 to 15 days and the PPO spc. act. increased
linearly from 4 to 15 days. When dialyzed 12 and 15 day media aliquots were added to
assay mixtures containing 100 mM catechol, syringic acid or gallic acid, significant
differences in PPO spc. act. between substrates were noted. Time-dependent catechol
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addition to medium resulted in hyphal growth inhibition at early log but stimulation at
log, stationary and decline phases. Light-electron microscopies/biochemistry suggest the
secretion route permitting its regulation. Scanning electron microscopy (SEM)
demonstrated that the hyphal tip wall was morphologically different from that of the
mature region. Transmission electron microscopy (TEM) of glutaralaldehyde pre- and
OSO4 post-fixed hyphae revealed mitochondria, ER, ribosomes, vacuoles and osmiophilic
bodies in the mature region’s cytoplasm but electron lucent masses appressed to the
plasmalemma in the growing tip. Centrifugation of homogenates of hyphae cultured 0-16
days followed by PPO assay revealed that the enzyme was particulate. To further
delineate the route, both TEM substrate localization and immunoelectron microscopies
were employed. Protein G chromatography of immunized rabbits’ serum yielded two
peaks; one was ELISA-positive and UV-absorbing. Antibody was tagged with colloidal
gold and SEM localized PPO outside the hyphal glucan matrix. Substrate localization
involved interposing dihydroxyphenylalanine between pre- and post-fixations. Although
electron dense reaction product occurred in hyphae, plasmolysis was observed. As for
partial purification, medium dialysis followed by 0-30% (NH4)2S04 fractionation and
subsequent 12,000 icg centrifugation yielded PPO within the supernatant and a loss of one
of four proteins upon SDS-PAGE. While these yielded an enhanced PPO spc. act.,
subsequent DEAE chromatography did not. Gel filtration of authentic PPO and medium
followed by PPO assay revealed similar elution profiles suggesting an effective
purification step. These results indicate that PPO secretion is organelle-mediated and that
extracellular PPO can be partially purified by conventional biochemistry.
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The wcxxl decay fungus, Coriolus versicolor (Turkeytail) is a white-rot
Basidiomycete belonging to the family Polyporaceae. This fungus secretes both
cellulolytic and ligninolytic enzymes (Higuchi, 1953; Rosenberg, 1979; Harvey et al.,
1987) in addition to polyphenol oxidase (PPO) (Taylor et al., 1987a; Moore et al.,1989). Whereas the former degrade certain wood polymers (Higuchi, 1985), the latter
is an enzyme complex including creosolase, a catecholase and a laccase which are copper
metalloproteins catalyzing the one and two electron oxidations of phenols to quinones at
the expense of Oj. Whereas creosolase mediates the o-hydroxylation of a monophenol
followed by its oxidation to the o-diquinone, catecholase carries out the oxidation of o-
dihydroxyphenol to the o-diquinone (Fric, 1976). In contrast, laccase converts p-
hydroquinones to either p-phenyldiamines or p-quinonediamines. Polyphenol oxidase
occurs as tyrosinase within certain mammalian tissues as well as PPO in both lower and
higher plants. In mammalian systems, the enzyme is important in melanin synthesis.
Fungal PPO, however, is involved in the metabolism of certain tree-synthesized phenolic
compounds which have been implicated in disease resistance thereby regulating the
proliferation of wood-decay (Shigo, 1984; Sylvia and Sinclair, 1983; Dashek et al.,1990). In addition, PPO appears within the external milieu in a highly time-dependent
fashion when C. versicolor is cultured in a defined growth medium.
Because PPO appears to be inducible, the £. versicolor culture system could be
a model for achieving over-production of ligno-cellulolytic enzymes relevant to the paper-
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pulp industry (Fahraeus and Reinhammer, 1967; Van der Meer et al., 1981; Linko et al.,
1986; Dodson et al., 1989) and the agricultural community (Wicklow et al., 1981).
Besides its presence within wood, lignocellulosic (water-insoluble) by-products
often constitute an unwanted component in the paper-pulp industry (Zladrazil and
Reiniger, 1988). In addition, pulp is vulnerable to fungal attack during storage in which
there is formation of slime, probably a bi-product of hemicellulose digestion, which
damages paper made from the pulp by discoloring it or by producing shiny, translucent
spots upon it. On the other hand, felled timber in the form of logs or saved lumber are
subject to attack by wood-decay fungi if moisture accumulates thus making it or
rendering it unsound for structural purposes. This substratum-saprophytic relationship
often requires additional treatment with chemical preservatives such as coal-tar creosote
to prevent decay.
The over-all objectives of this investigation are: 1. To over-produce and
enhance the secretion of C. versicolor’s PPO, 2. To regulate the enzymes’s secretion,
3. To ‘batch culture’ C. versicolor and 4. The rapid isolation and purfication of
extracellular PPO yielding PPO in large quantities. This study is concerned with possible
substrate induction of PPO, partially determining its route of secretion, and partial
purification of extracellular PPO. This could result in the development of a stirred tank
reactor system for the bulk production of PPO (Michel et al., 1990).
CHAPTER n
REVffiW OF LITERATURE
Oreanisms Involved in Wood Decay
Wood decay of living trees, which has been explained by the CODIT
(compartmentalization of decay in trees - Shigo and Marx, 1977) model and/or the
functional Compartmentalization concept (Shigo, 1984), results in substantial losses of
revenue to the United States each year. This decay is caused via a succession of micro¬
organisms (Shigo, 1967) but, in the main, by a group of wood-rotting fungi, the
Hymenomycetes (Shigo and Sharon, 1968). The latter belong to the Basidiomycetes, a
fungal Division in which fruiting bodies, basidiocarps, are produced. In this connection,
fungi appear to be more significant than bacteria in the biodeterioration of wood
(Henningsson, 1988).
Wood-destroying fungi can be classified as either white - or brown-rot fungi
(Nilsson, 1979). Whereas the former degrade both cellulose (a glucan polymer) and
lignin (a coniferyl alcohol polymer), the latter decompose only cellulose leaving the
lignin relatively unchanged (Kirk and Chang, 1975; Highley and Kirk, 1979). In
addition, white-rot fungi, unlike the brown-rots, secrete polyphenol oxidase into the
external milieu (Nobles, 1958; Kirk and Kelman, 1965; Taylor et al., 1987b; Moore et
al., 1989). This enzyme can oligomerize syringic acid (Liu et al., 1981) and is capable
of converting o-diphenols to o-diquinones (Fric, 1976), a reaction which may be relevant
to some host-pathogen interactions underlying wood decay.
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Prior to its decomposition by decay fimgi, wood appears to be altered by a
complex interaction involving non-decay organisms, decay fiingi and the response of the
host’s tissue as well (Tattar et al., 1971; Shigo, 1967, 1972, 1984; Smith, 1989). These
organisms are believed to cause wood decay as a succession of phenol-tolerant ’pioneers’
(first organisms to invade a wound, i^, bacteria and certain fungi, yeast, blue stain
fungi (Henningsson, 1988) and phenol-sensitive decayers (wood-decay fungi) acting as
either pathogens or saprobes (Shortle and Cowling, 1978). The growth of these
organisms seems to be modulated by postulated ‘limiting’ factors (vitality, preservative,
and solubility factors) which may operate in a temporal fashion (Shortle, 1979). The
bacteria, which increase the water permeability of wood, are erosion, cavitation, and
tunneling varieties (Henningsson, 1988). Bacterial attack of wood is usually observed
in wood where fungal activity is reduced (Nilsson and Daniel, 1988).
Subsequent to the occurrences of decay fungi, the last stages of succession can
involve not only bacteria and fungi but, in addition, protozoa, nematodes, insects, birds,
and mammals. Thus, tree decay has been envisioned as a disease induced by a
succession of micro-organisms (part of CODIT model) which are parasitic, saprophytic,
and pathogenic (Merrill and Shigo, 1979) and can be influenced by other organisms.
The mentioned host response seems to yield phenolic compounds which are
thought to be disease-resistance factors (Scheffer and Cowling, 1966). In this
connection, Taylor et al. (1989) reported differential effects of catechol and tannic acid
upon the growth of Coriolus versicolor, a white-rot fungus in culture. The biochemical
mechanism(s) by which these compounds accumulate during decay most likely centers
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around a sapwood parenchyma cell-based shift in oxidative metabolism from the
glycolytic and TCA cycle pathways to an acetate and pentose shunt-shikimic acid¬
pathway (Kuc, 1967; Harbome, 1980). The resultant 6-storesin and phenolic products
(preservative factors) of the pathway appear to be capable of influencing certain types of
fungal growth either negatively or positively. For example, exogenous catechol
differentially affects £. versicolor’s hyphal ultrastructure and growth by inhibiting the
latter when added to a liquid culture medium 3 days post-inoculation but stimulating it
subsequent to a 12 day supplementation (Taylor et al., 1987a, 1988). Besides this
phenolics effect, cinnamic acid (a pentose shunt shikimic acid pathway product) has been
reported to suppress the growth of a decay fungus (Shortle et al., 1971). With respect
to limiting factors, 6-storesin and phenolic compounds appear to act as solubility factors
by ‘sealing-off tissue.
Composition Of Wood And Enzymes Involved In Wood Decay
Certain trees consist of both sapwood (immediate product of cambial derivatives)
and heartwood (a dry transformation product of sapwood). The heartwood, which is
thought to provide mechanical support, is wood that has been modified via genetically-
controlled aging processes (Shigo, 1984). This aging promotes a change in the
parenchyma cells so that they are devoid of living contents thereby preventing their
functioning in storage. When present, decay fungi are confined mainly to the heartwood.
In contrast, sapwood may be free of infection for years while the neighboring heartwood
may be extensively destroyed.
The compartmentalization view of wood decay, advanced by Shigo (1984), was
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proposed to consist of two components. The first of these is the formation of a chemical
reaction zone by the sapwood’s living parenchyma cells as a consequence of enzymatic
reactions. The production of the reaction zone is utilitarian in that it retards the spread
of pathogenic micro-organisms in those tissues which were present at the time of injury.
In addition, if the sapwood is either wounded or decay-fungi encroach, the
vascular cambium can respond by depositing the ‘barrier’ zone (Buisman, 1935), a layer
of cells separating the normal tissues produced prior to wounding and those formed
subsequent to wounding (Tippett and Shigo, 1981). In conifers, the ‘barrier’ zone
appears to be non-conducting (Mulhem et al., 1979) containing traumatic resin ducts
(Tippett and Shigo, 1981).
The ‘barrier’ zone’s cells, which may be either extensive or limited in
occurrence, are impervious to most wood-and-bark-localized bacteria and fungi (Shigo,
1984) thereby restricting the development of decay and discoloring fungi (Shigo, 1984).
This restriction could result from alterations in the enzymatic activity of ‘barrier’ zones
as Smith et al. (personal communication) observed that peroxidase and indole-3-acetic
acid (IAA) oxidase activities were higher in homogenates of wounded, red maple cambial
tissue than in homogenates from non-wounded, cambial tissue. Thus, Smith et al. view
their data as being consistent with an lAA-mediated formation of the ‘barrier’ zone.
Finally, some investigations have been performed relative to the chemical composition
of compartmentalization barriers in oaks (Pearce and Holloway, 1984).
Another view of wood decay containing certain of the compartmentalization
concepts is the previously mentioned CODIT model (Shigo and Marx, 1977). This
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model states that trees combat decay by strengthening ‘walls’ of which there are four in
number with three forming part of the reaction zone. While wall 1 (a ‘plugging
component’) is the weakest and resists the vertical spread of pathogens, wall 2 (‘an
anatomical component’) inhibits the lateral spread and wall 4 (‘a differentiation
component’) is a tree response and not in place at the time of injury. The latter wall is
generated by the cambium and separates the infected wound from newly forming healthy
wood. The morphology of wood following tree injury has been set forth in pictorial
fashion as depicted in McGinnes et al. (1977).
Besides the formation of the aforementioned zones, wood decay, with
decolorization being the first step in the decay process (Shigo and Hillis, 1973), seems
to be accompanied by perturbations in the ‘electrical’ properties of wood. Specifically,
Shortle and Smith (1987) found that the ‘electrical’ properties of aqueous extracts from
various types of balsam fir were associated with differential rates of Haematostereum
sanguinolentum-induced decay. Wood which was located interior to sapwood, non-
dissolved and of relatively low ionization decayed slowly but identical wood possessing
a high ionization decayed faster. These ‘electrical’ properties most likely reflect
fluctuations in ion content, Le., Ca^^, acetate and formate if the data from red
maple (Shevenell and Shortle, 1986) can be extrapolated to balsam fir. As for the
significance of electrical phenomenon, they may be signals that initiate the formation of
boundaries.
Route of Fungal Hyphae During Wood Decay
The penetration of soft rot fungal hyphae through wood during the decay process
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has been mapped by Hale and Eaton (1985a, b, c, 1986). They have considered the
release of hyphal enzymes and excavation of cavities as mechanisms for the soft-rot-
induced decay of wood.
Recently, additional progress has occurred in tracing the route of hyphal
penetration through a tree’s wood zones during the course of decay. This progress
resulted from the development of an immunodot-blot technique/semi-quantitative
detection system for Lentinus lepideus (a brown-rot fungus) and an immunocytochemical
procedure for C. versicolor (a white-rot fungus) hyphae by Palfreyman et al. (1988).
The antisera employed in these methods were prepared by multiple immunizations of
mycelial ‘preparations’ suspended within Freund’s complete or incomplete adjuvant.
However, insufficient experimental details were published by Palfreyman et al. to make
a judgement regarding the purities of either the injected antigen or the resultant antibody.
In this connection, Palfreyman et al. recognized the necessity for monoclonal antibodies
which render their immunological probes more specific and/of value in fully discerning
the cellular/tissue route by which fungal hyphae both penetrate and degrade trees of
economic importance. It may be advantageous to employ fluorescein-‘tagged’ antibodies
rather than the peroxidase antibody conjugate employed by Palfreyman et al. as
peroxidase is widely distributed in plant tissues which could obscure the localization of
hyphae detected with a peroxidase antibody conjugate. Indeed, Palfreyman et al. noted
that application of a PAP - immunocytochemical method to wood sections indicated that
non-specific reactions of antisera occurred with both infected and uninfected wood.
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Mechanisms Of Wood Decay
Involvement of Enzymes
The decomposition of wood by white-rot-fungi is accomplished by secreted
cellulolytic and ligninolytic (Rosenberg, 1979) enzymes as well as peroxidase (Koenings,
1971). With regard to the latter enzyme, Reddy and Kelly (1986) presented evidence
that a glucose oxidase-producer H2O2 is involved in lignin degradation by the white-rot
fungus, Phanerochaete chysosporium. In addition to these enzymes, certain white-rot
fungi produce an extracellular laccase which appears to play a role in the
biotransformation of lignin (Ishiharaand Miyazaki, 1972; Ander and Eriksson, 1976) and
vanillic acid apparently through polymerizing syringic acid (Liu et al., 1981). In this
situation, the nomenclature for phenol oxidases within the wood decay literature is
confusing. Phenoloxidase appears to be a complex of o-diphenol:oxygen oxidoreductase
(EC 1.10.3.1) and p-diphenol:oxygen oxidoreductase (EC 1.10.3.3). Whereas the former
is known as polyphenol oxidase, tyrosinase, or DOPA-oxidase converting o-diphenols to
o-diquinones, the latter is known as laccase and catalyzes the conversion of p-
hydroquinones or p-phenylenediamines to p-quinonediimines (Eric, 1976). Extracellular
laccases from decay fungi have been investigated by Bollag and Leonowicz (1984). In
addition, some fungi contain m-dihydroxyphenolase which catalyzes the aerobic oxidation
of dihydroxyphenols with the polyphenol oxidase of wood-rotting fungi being involved
in lignin degradation. The time-dependent appearances of both intracellular and
extracellular £. versicolor polyphenol oxidase have been described by Moore et al.
(1989).
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Besides the white-rot fungi, the brown-rot fungi can also secrete extracellular
cellulases (Greaves, 1971). Thus, wood decay is not limited to the white-rot fungi as
already stated.
One of the ligninolytic enzymes which has been the subject of recent considerable
research interest is ligninase. This enzyme has been both isolated and partially
characterized from P. chrysosporium (Tien et al., 1986). This hemoprotein enzyme
catalyzes the HjOj - dependent oxidation of 3, 4-dimethoxybenzyl (veratryl) alcohol
yielding veratraldehyde. Furthermore, it appears to exhibit a peroxidase mechanism for
its action on lignin-like substrates. The production of ligninase by P. chrysosporium has
been examined by Kirk et al. (1985), Jager et al. (1985), Leisola et al. (1985) and
Kirkpatrick and Palmer (1987).
Although most studies on wood-decay have concentrated on the degradation of
lignocellulose in terrestrial environments, there are some investigations concerned with
the biodegradation of lignocellulose in aquatic environments (Hodson and Benner, 1986;
Benner et al., 1986).
Role of Free Radicals
An area of wood decay research which has received considerable emphasis of late
is that involving the location, source and function of free radicals. The free radical
contents of wood have been identified and their decay behavior investigated by Ou et al.
(1984). In addition, Jekel et al. (1981) examined the free radicals in spruce wood in
relation to white-rot induced damage and Illman et al. (1989) have detected the oxygen
free radical in wood colonized by the brown-rot fugus, Postia placenta. The latter
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contend that their data support the hypothesis that brown-rot fungi decompose wood by
an oxygen-free-radical mechanism. As for the mechanisms by which free radicals are
generated, they appear to originate by both photo-irradiation at ambient temperature (Hon
and Frist, 1981) and gamma irradiation at- 196°C (Belkova et al., 1985). The source
of at least certain of the free radicals seems to be the photolysis of lignin (Ranby, 1969;
Hon and Frist, 1981; Hon, 1981; Belkova et al., 1985) with water molecules facilitating
light penetration into wood thereby possibly enhancing the photolysis of lignin (Chupka
and Rykova, 1980).
Future Projections - Control Of Wood Decay
Employment of Regulators of Fungal Growth
Although efforts continue to develop effective wood preservatives, more attention
should be given to investigating tree-derived phenolic compounds as possible regulators
of fungal growth. For example, the recent results of Taylor et al. (1987 a, b) indicate
that C. versicolor’s growth in liquid culture can be affected in bimodal fashion via the
time-dependent application of catechol, a naturally occurring phenolic compound. In
addition, the employment of inhibitors (e.g.. diethylthiocarbamate) of fungal polyphenol
oxidase (Taylor et al., 1987a) may warrant testing as fungal growth control agents in
situ.
The possibility that phenolics may regulate hyphal growth in a bimodal fashion
through the products of extracellular polyphenol oxidase activity was raised by Taylor
et al. (1987b) who provided data which supported the contention within the literature that
the products are quinones (Fric, 1976). What was both new and fascinating was that
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these purported quinones appeared within a liquid growth medium in a highly time-
dependent manner corresponding to a marked catechol-induced stimulation of mycelial
growth as well as perturbations in subcellular morphology (Taylor et al., 1988). These
observations prompt a need for a thorough examination of the efficacy of quinones as
fungal growth control agents.
Another area of research which should be afforded considerable attention involves
the toxicity of biocides toward fungi involved in wood decay (Smith and Ingleby, 1985).
This is being examined by Williams and Eaton (1988). With regard to wood
preservation, Butcher (1988) pointed out that attention should be focused on three areas
of research, LCj., application of systems for antisorption chemicals, ‘just-in-time’
processing (immediacy in preservative treatment) and the use of boron-based wood
preservative systems.
Use of Biological Control Mechanisms
This seems plausible as Smith et al. (1981) presented evidence that Trichoderma
harzianum can be employed as a biological control agent against wood-decay fungi such
as Pomes connatus. a causative organism of red maple tree decay. The mechanism by
which T. harzianum accomplishes this has been hypothesized to involve a replacement
of ‘pioneer fungi’, a hypothesis worth investigating.
Genetic engineering instead of conventional breeding (Maniatis et al., 1982; Wu
et al., 1983) may be the answer to the rapid generation of trees resistant to decay
organisms. For example, DNA fragments carrying the genetic information for resistance
could be excised from the genome of resistant trees by restriction endonucleases
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(Maniatis et al., 1982), characterized and subsequently incorporated into vectors for the
infection of sensitive trees. The ultimate goal of these manipulations would be the
insertion of DNA fragments bearing the information for resistance into the sensitive
tree’s genome (Williams et al., 1981; Baylor et al., 1983). This approach is appealing
for it would eliminate the need for costly wood preservatives whose toxicity and long¬
term pharmacological effects to animals and man are not always known.
Finally, since it is not possible to adequately review here the extensive literature
regarding the diverse aspects of wood-decay, the reader is referred to the comprehensive
bibliography in Shigo (1984), monograph of Higuchi (1985) and the reviews of Smith
(1989), as well as Illman and Highley (1989) to gain an indepth view of both past and




A summary of the experimental design is presented in Fig. 1.
Growth Conditions
Mycelia of a Coriolus versicolor (ex.fr.) quel isolate, which was provided by the
USDA-Northeastem Forest Experiment Station (Durham, NH), and maintained at 4°C
upon agar slants, were aseptically transferred to a defined culture medium (Kirk and
Kelman, 1965) containing 2% Bacto-agar (Difco). Following mycelial growth in the
dark at 25 ± 2°C to a disc 30 mm in diameter upon an agar plate’s surface, the discs
were aseptically excised with a sterile scalpel and then homogenized for 30s in 25 ml of
autoclaved distilled HjO within a sterile Wareing-Eberbach blender cup. One ml aliquots
of the mycelial homogenates were transferred with a sterile manostat to autoclaved 250
ml Erlenmeyer flasks containing 25 ml of the above sterile medium lacking agar. The
cultures were maintained at 25 ± 2°C and 150 rpm in a model 3529 Lab-Line gyrotory
shaker (Melrose Park, II) for various times depending upon the described experiments.
For dry weight analyses (a growth measure), mycelia were separated from their
growth media by gentle vacuum filtration in order to collect mycelia onto ’oven-dried’,
pre-weighed glass fiber discs (Gelman Sciences Inc., Ann Arbor, MI). The latter
together with the collected mycelia were ‘oven dried’ at 77°C until constant weights were
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Assay of Total Protein and PPO SpeciHc Activity: The residues from
lyophilization of either homogenized mycelia or media were each reconstituted in pH 5.0,
100 mM acetate buffer and subsequently divided into two equal portions. One of these
was dialyzed (Spectrofluor tubing, MW ‘cut-off - 14,000) with stirring for 18 h at 4°C
against 2-41 acetate buffer; the other fraction was maintained for 18 h at 4°C. Non-
dialyzed and dialyzed fractions were assayed for both 280nm-absorbing substances and
PPO activity as described.
To quantify total protein, 60-140 /xl aliquots of both dialyzed and non-dialyzed
media were diluted to 2 ml and assayed at 280 nm using quartz cuvettes and a stock of
140 /il bovine serum albumin (Sigma, St. Louis, MO) 1(X) /xl ' acetate buffer for standard
curve construction. The quantified 280nm-absorbing substances within aliquots were
corrected to mg total protein total fraction volume*.
Polyphenol oxidase for dialyzed homogenates was assayed by pipetting 10 /xl of
the reconstituted fractions (usually 2 ml acetate buffer) into an one ml reaction mixture
consisting of 100 mM catechol (Fisher Scientific, Norcross, GA) dissolved in pre¬
warmed, pH 5.0 1(X) mM acetate buffer and then maintaining the mixture for 1 min at
30°C with shaking. At 2, 4, 6, 8 and 10 min (occasionally for longer time periods),
PPO activity was measured by determining absorbances at 440 nm (Evans and Palmer,
1983). To generate a 0 time value, 10 /xl aliquots of the fractions were added to ’ice-
cold’ reaction mixtures and their absorbances recorded immediately. The 0 time was
subtracted from the 2, 4, 6, 8 and 10 min readings and the resultant values divided by
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time to yield Aa min ' to derive Units of PPO activity. The value was multiplied by
1,000, corrected to total volume of the reconstituted fractions and divided by the
appropriate mg protein. Thus, PPO activity was expressed as Units where 1 Unit =
A A min ' X 1000 rather than ^mol product formed min ' mg protein ' (Lehninger, 1982)
mg protein
because of the lack of certitude regarding the product’s identity (Worthington, 1982).
Substrate Specificity: The growth media from 9, 12 and 15 day old 26 ml
cultures were collected as above, frozen in either liquid nitrogen or dry ice/acetone and
then lyophilized. The lyophilized media were reconstituted in 2 ml of pH 5.0, 1(X) mM
acetate buffer and subsequently dialyzed as above. Ten ^1 aliquots of the media were
added to the aforementioned reaction mixture containing either 100 mM gallic acid
(Sigma, St. Louis, MO), 100 mM syringic acid (Leonowicz and Grzywinowicz, 1981),
or 1(X) mM catechol. Polyphenol oxidase activity was quantified as above.
Substrate Induction of Polyphenol Oxidase: To determine whether the time-
dependent addition of catechol to the growth medium could result in enhanced synthesis
of PPO, a preliminary experiment was carried out in which catechol was added to
medium at initial, early log, log, stationary, and decline growth stages and mycelial dry
weight determined as above at 16 days post-incubation.
Cytochemical Distribution of Hyphal Macromolecules
Hyphae were cultured for 5 days upon a 2% agar-solidified defined medium. The
mycelial mat was removed from the surface of the medium and fixed for 15 min in
Camoy’s (ethanol:glacial acetic acid, 75:25) or 10% formalin. Following fixation, the
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hyphae were dehydrated through a graded ethanol series (30, 50, 70, 95 and 100%, 2
times each % for 10 min each time except for 100% which was 3 times with the third
wash being 30 min). In the case of Camoy-fixed material, dehydration began with 75%
ethanol. Following dehydration, the hyphae were washed twice with two changes of
xylene (2 min each time) and then progressively embedded in xylene/tissue prep (3:1,
1:1 and 1:3 one hour each) prior to final embeddment in tissue prep (Fisher Scientific,
Norcross, GA). Sections were ‘cut’ with an AO Spencer microtome and mounted onto
pre-cleaned slides with Mayer’s adhesive. Next, sections were deparaffinized with 2
changes of xylene, and then hydrated through 2 changes each of 1(X), 90, 70, 50 and
30% ethanol for PAS staining (Sheehan and Hrapchak, 1980) or 1(X), 90, 70% ethanol
for safranin/fast green staining.
Electron Microscopy of Hyphae
Scanning Inununoelectron Microscopy: Hyphae from 26 ml, 3-day old liquid
cultures of Coriolus versicolor were ‘pre-fixed’ 30 min in 3.0% glutaraldehyde buffered
with pH 7.4, 0.05M cacodylate/cacodylic acid buffer, washed twice (5 min each time)
with cacodylate buffer and then ‘post-fixed’ for 2 h in 2.0% OSO4 buffered with
cacodylate (Sabatini et al., 1965). Following post-fixation, hyphae were washed (5 ml
each time) with cacodylate buffer and dehydrated through a graded acetone series
consisting of 30, 50, 70, 95 and 100% ‘EM grade’ acetone (Polysciences, Warrington,
PA).
The hyphae were critically point dried, mounted onto aluminum stubs and sputter-
coated with gold/palladium. Some hyphae were subjected to immunoelectron microscopy
19
utilizing colloidal gold tagged antibody to PPO (see below). The hyphae were then
viewed with a scanning electron microscope.
Antigen Purity- To obtain antibody, the purity of commercial mushroom PPO
(Sigma, St. Louis, MO) was assessed. The purity was determined by DEAE-50 ion
exchange chromatography, gel filtration on G-150 and Laemmli SDS-PAGE. For ion
exchange chromatography, 10 mg PPO dissolved in 100 /xl 25mM Na2HP04-NaH2P04,
pH 6.5 were layered onto a 0.7 x 15.0 cm Econo- column packed with DEAE. The
column was eluted with buffer lacking 1 M NaCl and then the buffer containing the salt.
Since PPO was the only protein on the column, column eluates were assayed at 280 nm.
As an additional means to assess the purity of PPO, 10 mg PPO were subjected to
Laemmli (1970) SDS-PAGE tube gel electrophoresis. The tube gels were calibrated with
Bio-Rad high molecular weight marker proteins.
Immunization- Two New Zealand white rabbits were bled from the ear artery
to derive control serum. Then, they were inoculated intramuscularly (500 /tl hind
muscle) with an emulsion consisting of phosphate-buffered saline (PBS) PPO (Sigma
Chemical Co., St. Louis, MO) and Freund’s complete adjuvant. To obtain the emulsion,
150 ^1 PPO (10 mg ml ') was diluted with 450 fxl PBS. Then, the 600 ^1 was mixed
with 600 fil of the adjuvant. Three weeks later, the rabbits were re-inoculated with 500
/il emulsion per hind muscle. For rabbit two, the emulsion was prepared by diluting 200
fil PPO (10 mg ml ') with 500 /il PBS. Then, 700 /xl of diluted PPO was mixed with 700
/xl of Freund’s complete adjuvant. Approximately, one month later the rabbits were
again re-inoculated with 500 /xl emulsion per hind muscle. The emulsion was prepared
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by mixing 700 fii of diluted PPO with 700 /tl Freund’s incomplete adjuvant. Fifteen days
later 8 ml and 25 ml of sera were obtained from rabbits, 1 and 2, respectively (Table 1).
Quantification of Antibody Titer- To determine whether the serum contained an
antibody to PPO, an ELISA assay (Voller et al., 1976) was performed. Antigen (PPO)
at 1 mg ml * PBS was diluted 1:10, 1:100, 1:200, 1:400, 1:800. 1:1600 and 1:3200 with
coating buffer (carbonate-bicarbonate, pH 9.6). Then, 100 /*! aliquots of each dilution
were added to the wells of Falcon 3192 test III microtiter plates (Beckton-Dickinson,
Oxnard, CA). Following an overnight incubation at 4°C, the antigen was washed 3
times with PBS/Tween 20 prior to adding 200 /xl BSA to each well. After 1 h at 25°C,
the antigen was washed 3 times with PBS/Tween. Next, 100 /xl aliquots of antiserum
at 1:10, 1:100, 1:200, 1:400, 1:800, 1:1600 and 1:3200 were added to the wells (Table
2). The control wells consisted of: 1) no antiserum, 2) diluted normal rabbit serum, 3)
no secondary antibody or 4) no antigen subsequent to either a 2 h incubation at room
temperature or 1 h at 37°C. After each well was washed, 10 /xl of secondary antibody
cconsisting of goat anti-rabbit IgG conjugated to alkaline phosphatase, (ELISA Pierce
Starter Kit/rabbit anti-goat IgG H & L, AP) was added. The possible occurrence of
antibody in the antiserum was monitored by employing paranitrophenylphosphate (PNP)
dissolved in 5 ml of DE buffer kit (diluted) at room temperature. One hundred /xl
aliquots were added to each well and allowed to sit for 10 min. Then, 25 /xl of 3M
NaOH were added to each well to stop the reaction. Absorbances were determined at




SUMMARY OF IMMUNIZATION PROTOCOL
Bleed two New Zealand Rabbits (1 and 2) for Normal Serum.
INOCULATE RABBIT #1
1.5 mg Agaricus bisporus PPO (Sigma) into two sites, IM
Dilution 150 ^1 PPO (10 mg ml *)
450 /xl Phosphate - buffered
Saline (PBS)
Emulsion 600 /xl Diluted PPO
600 /xl Freund’s Complete
Adjuvant
Use 500 fil hind muscle '
INOCULATE RABBIT #2
2.0 mg in two sites, IM
Dilution 200 /xl PPO (lOmg ml *)
500 /xl PBS
Emulsion 700/xl PPO
700 /xl Freund’s Comolete
Adjuvant
Use 500 /xl hind muscle *
Boost Rabbits 1 and 2
Each received 500 /lcI total in twos
Dilution 50 /xl PPO (lOmg ml *)
650 /xl Phosphate - Buffered
Saline





700 /xl Freund’s Incomolete
Adjuvant
Table 2 Summary of Procedure for ELISA ASSAY
antigen (top) antiserum (bottom)
Pipet antigen 100 ul/well of each dilution
NAS= Mo antisenini NSA= Mo secondary antibody
NA= No antigenNRS= Normal rabbit serum
TiaM/inoOTuinjosiiujodrd
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Purification of Antibody and Subsequent Tagging With Collodial Gold-
Polyclonal antibody prepared against mushroom PPO (Agaricus bisporus) was purified
according to directions followed in Pharmacia’s - MAb Trap G technical bulletin.
Protein was detected by an ISCO RETREIVER IV and an absorbance/fluorescence
detector UA-5 at 280 nm. The affinity purified Ab was dialyzed in 11 pH 7.4,
Na2HP04/NaH2P04 buffer in 8,000MW dialysis tubing for 6 h at room temperature with
one buffer change at 3 h.
A 1:20 dilution (0.8 ml) of the antibody plus 0.8 ml of H2O was centrifuged at
20(X) rpm for 25 min at 4°C in a Beckman J-21 centrifuge employing a fixed angle rotor.
The pelleted material was discarded. Next, 10 ml of gold sol were added to the pellet
and the pH adjusted with 32 /xl KjCOj. The tube was inverted 6 times and allowed to
stand for 5 min. Next, 0.5 ml of 1% polyethylene glycol (PEG-Carbowax 20, fresh and
filtered) was added to 10 ml gold sol and centrifuged at 10,(XX) rpm for 30 min at -1°C,
in the above Beckman Centrifuge. The supernatant was aspirated with a sterile pipet and
discarded. The pellet (purple color) was removed from the side of the tube with a glass
rod after the addition of 1 ml pH 8.2, 20mM TBS (0.85% NaCl) containing 0.1% BSA
and 0.05% NaNj. Next, the suspension was vortexed and diluted 1:20 with distilled
H2O. The absorbance was quantified at 520 nm. The final preparation was filter
sterilized using a 0.2 fim filter (DYNAGARD) plus syringe and allowed to sit overnight
at 4°C. The colloidal gold tagging of antibody is summarized in Fig. 2 .
Malt agar (2% malt and 1 % agar) Petri plates were inoculated with £. versicolor
(Trammetes versicolor).
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Dialyze antibody (affinity purified) 1 liter against PO4 buffer
6 h (room temperature)
I
Dialyze against 2nd 1 liter PO4 buffer
I




(discard) (10 ml of gold sol)
Adjust pH to 7.4
Invert 6 times and let sit for 5 min
I
Add fresh/llltered 1 % PEG-Carbowax
20 to 10 ml gold
I
Centrifuge lOK 30 min at 4°C
/ \
Aspirate supernatant and discard pellet
I
resuspend in 1 ml (20mM Tris-
Buffered Sol)
I




Four sterile microscope cover slips were placed on top of the agar. The plates were
incubated at 37°C for 4 days. Ten ml of Triton - X 100 (0.01 %) was pipetted onto the
4 day C. versicolor grown plate with slow tilting for 1 h. The 10 ml was aspirated and
reserved until needed. In an ELISA plate, 90 ^1 of coating buffer was placed in rows
A,B,C (8 wells each row). Next, 10 ^1 of Ag (Triton-X solution) were added to one
well and a 1:10 dilution was made. The plate was allowed to ‘sit’ overnight when the
plate was washed with PBS plus Tween 20 and allowed to ‘sit’ for 15 min. In the
meantime, the Ab was diluted 1:250, 1:500 and 1:1000. After incubation for 2 h at
25°C, the plate was washed 5 times with PBS plus Tween as above. Next, one hundred
fii of goat/anti-rabbit IgG Ab was added and incubated for 2 h at room temperature.
Next, a one 5 mg OPD tablet was dissolved in Pierce substrate buffer (1:10) and 100 fil
of the mixture were added to each well (PIERCE - phosphatase substrate kit, technical
bulletin). Absorbances were quantified in a DYNATECH MR 700 ELISA Plate Reader.
The glass cover slip was taken off the £. versicolor grown for 4 days (7 mm)
in a Petri plate. The cover slip was then placed on top of a round filter paper inside a
glass Petri dish. One drop (enough to saturate the cover slip) of Na Acetate buffer, pH
5.0 was placed onto the slip for 15 min. This drop was pipetted off and one drop of
fixative (0.1% Digitonin, 4.0% glutaraldehyde in 0.05% cacodylic acid/cacodylate) was
placed onto the slip for 30 min. The slip was then dipped/washed (13 times) in glass
distilled water and placed back onto the filter paper. Next, another drop of the tagged
Ab was placed onto the slip and allowed to ‘sit’ for 80 min. The slip was dipped/washed
(10 times) in glass distilled water and placed onto filter paper once again. Next, the
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cover slip was dipped into liquid nitrogen for 10 s and then placed (while still in the
forceps) into the inside of the lyophilizer for 2 h. The cover slip was again placed onto
filter paper. Next, the specimen was placed into a Sputtercoater [Au, (POLARON
AUTO SPUTTER COATER E 5200)] for 32 in Au/Platinum, The specimen was
viewed in a scanning electron microscope (MODEL S-530 HITACHI). Another cover
slip with attached £. versicolor was placed into a sterile glass Petri dish together with
a sheet of filter paper. Triton-X 100 (0.1% in PBS) was placed onto a glass cover slip
for 15 min. Then, the slip was dipped/washed in PBS 13 times. Next, fixative was
placed onto the glass cover slip for 30 min. The slip was again dipped/washed in PBS
13 times. Next, the tagged Ab (concentrated) was placed onto the glass cover slip for
1 h. Lastly, the specimen was viewed in a scanning electron microscope.
Transmission Electron Microscopy: Mycelia grown upon a defined growth
medium containing agar as well as mycelia grown for 3 days in a defined liquid growth
medium were harvested and pre-fixed for 30 min in O.IM, pH 7.2 K2HPO4/KH2PO4
buffered 2.5% glutaraldehyde (Sabatini et al., 1963), washed twice with buffer (5 min
each time) and the sample divided into two. One half was post-fixed with 2% aqueous
KMn04 for 60 min and the other half with 2% phosphate-buffered OSO4 for 120 min
(Taylor et al., 1988). Following post-fixation, hyphae were washed twice (5 min each
time) with dH20 (KMn04 post-fixed) or buffer (OSO4 post-fixed) and then dehydrated.
Dehydration involved 2 changes each 30%, 50%, 70%, 90% and 1(X)% EM grade
acetone (Polysciences, Warrington, PA). Dehydrated hyphae were washed a third time
with 1(X)% acetone for 30 min and then suspended in a 1:1 mixture of acetone/Spurr’s
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reagent for 18 h. Next, the mixture was removed and pure Spurr’s (1969) reagent was
added for final embeddment in ‘beam capsules’ and polymerization at 70°C for 8 h.
Thin sections were cut with an LKB ultramicrotome and collected onto coated, washed
300 mesh copper grids. Some sections were then stained with lead citrate (Reynolds,
1963) and viewed with an RCA EMU4 electron microscope at an accelerating voltage
of 30kV, Multiple hyphae were examined.
Substrate Localization of Polyphenol Oxidase in Hyphae - To assess whether PPO
could be detected within hyphal organelles by a TEM substrate localization method
(Czaninski and Catesson, 1974; Eppig, 1974), hyphae from 12 day-old cultures were
‘pre-fixed’ in 2.5% glutaraldehyde in O.IM, pH 7.4 cacodylate buffer for 30 min. After
‘washing-out’ the glutaraldehyde with cacodylate buffer (2 times, 5 min each time),
hyphae were incubated with 50 mg dihydroxyphenylalanine (DOPA)IO ml * cacodylate
buffer (control cacodylate buffer only) for 18 h on ice and subsequently for 1 h at 37°C.
Then, unreacted substrate was removed by washing hyphae with buffer. Next, the
hyphae were homogenized with a mortar and pestle into pH 5.0, 100 mM acetate buffer
on ice. Finally, the homogenates were dialyzed 18 h against 41 acetate buffer at 4°C
and aliquots assayed for PPO and 280 nm-absorbing substances as described.
Because enzymatic activity utilizing dihydroxyphenylalanine (DOPA) as a
substrate was detected subsequent to light glutaraldehyde pre-fixation, DOPA was
interposed between glutaraldehyde pre-fixation and osmium post-fixation for the TEM
substrate localization of PPO (Czaninski and Catesson, 1974; Eppig, 1974). Hyphae
were pre-fixed, post-fixed, dehydrated and embedded for sectioning as above.
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Biochemistry
Cell Fractionation: Hyphae cultured for 0-16 days were collected from 26 ml
cultures as above and sonicated 15 s on ice with a Heat Systems-Ultrasonics sonicator
(model W-22°F) into 4 ml of 250 mM sucrose, 3 mM EDTA and 25 mM Tris, pH 7.2
(Walker et al., 1984). To remove cell walls, sonicates were centrifuged at 500 xg for
15 min prior to the sequential differential centrifugation depicted in Fig 3. Whereas the
1,000 and 10,000 2cg centrifugations were accomplished in a Beckman J-21C preparative
centrifuge, the 40,000 and 105,000 2^ centrifugations were performed with a Beckman
L8-70M ultracentrifuge utilizing a Beckman SW-Ti65 rotor. Following centrifugation,
the organelles were resuspended in 2 ml pH 5.0, 100 mM acetate buffer with a Ten-
Broeck tissue homogenizer. After resuspension, ''280nm-absorbing substances and PPO
spc. acts, were quantified as in assays. Subsequent to assay, the organelles were frozen
in liquid nitrogen and stored at -85°C for marker enzyme analysis (see discussion).
Partial Purification ofExtracellular PolyphenolOxidase: Following collection
and lyophilization of growth media from 13 day-old cultures as above, the growth media
from four 26 ml replicate cultures, were reconstituted in 2000 /xl pH 5.0, 100 mM
acetate buffer and then 60-180 /xl aliquots were assayed for the presence of 280 nm-
absorbing substances. Ten /xl aliquots of the reconstituted media were utilized for the
assay of PPO as described. The resultant mg 280 nm-absorbing substances and PPO
(Aa min * X 1000) quantifications were employed to calculate the PPO specific activity
within the crude medium.
The remainder of the dialyzate was subjected with stirring to a 0-30% ammonium
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Culture Mycelia on Defined Medium (Kirk and Kelman, 1965)
Containing Agar For 5 Days
Sub-culture Into Defined Liquid Medium
For 6, 9, 12 and 15 Days
Harvest Mycelia By Centrifugation, 500 5 mins
Supernatant (Medium) Pel let
Sonicate into 25mM Tris
buffer, pH 7.2 con¬
taining 250 mM Sucrose
and 3 mM EDTA








Centrifuge 10.OOOxg, 30 mins
Pellet
Supernatant Pellet
Centrifuge 40,000 30 mins
Supernatant
Centrifuge 80,000 ^, 30 mins
Pellet
Supernatant Pellet





^Adapted from Danley al (1981) and Walker ^ al_ (1984).
^Resuspend all pellets in 2 ml pH 5.0, 100 mM acetate buffer with a Ten-
Broeck tissue homogenizer and assay 10^1 aliquots for PPO activity accord¬
ing to Evans and Palmer (1983).
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sulfate saturation ‘cut’ within a stirred ice bath. Next, the sulfate-treated growth medium
was centrifuged at 12000 2^ for 30 min at 4°C to yield a pellet and a supernatant.
Whereas the former was suspended in 2 ml acetate buffer, transferred to Spectrofluor
tubing and dialyzed 18 h against 2-4 1 acetate buffer, the supernatant was added to tubing
and dialyzed directly. Subsequent to dialysis, the specific activity of the dialyzate’s PPO
was quantified through assay of both 280 nm-absorbing substances and PPO. This
permitted calculation of fold-purified through two purification steps.
To further develop a purification protocol leading toward PPO homogeneity upon
a Laemmli SDS-PAGE gel, 10 mg lots of authentic PPO (mushroom. Sigma Chemical
Co., St. Louis, MO) in 100 /il aliquots of 25 mM phosphate buffer, pH 6.5 were layered
onto 0.7 X 15.0 cm Bio-Rad Econo columns containing either phosphate buffer
equilibrated DEAE-Sephadex A50 (Pharmacia, Uppsala, Sweden) or CM-Sephadex C50
(Pharmacia) ion exchange resins. These resins were eluted with 5-10 ml buffer lacking
1 M NaCl into a beaker and then with the same buffer containing high ionic strength salt
into a separate beaker. To establish the distributions of 280 nm-absorbing substances and
PPO within the non-salt and salt resin elutions, the 280 nm-absorbing substances were
quantified using a BSA standard curve and PPO by enzyme assay. Because authentic
PPO could be eluted with high ionic strength salt from a DEAE resin (see Results, Table
7), the dialyzed and salt-fractionated medium from a 26 ml culture was lyophilized and
reconstituted in 100 /xl pH 6.5, 25 mM phosphate buffer and layered onto a 0.7 X 15.0
cm Bio-Rad Econo column containing phosphate buffer-equilibrated DEAE-Sephadex A-
50. This resin was eluted with 10 ml buffer lacking 1 M NaCl into a beaker and then
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the same buffer containing high ionic strength salt. Next, 100 ^1 ‘crude medium’
containing 1.47 mg 280 nm-absorbing substances was layered onto a 0.7 X 15.0 cm
column of Sephadex G-150 (Pharmacia). The column, whose void volume had been
marked with blue dextran, was eluted with acetate buffer and 1 ml fractions collected
with a fraction collector. Each fraction was assayed for both PPO activity and total
protein as previously detailed. In addition, 1.2 mg of authentic PPO within 100 /il
acetate buffer was also layered onto a column of Sephadex G-150 which was eluted as
above and PPO assayed at 280 nm since it was the only protein filtered through the gel.
Statistical Analyses
Each experiment was routinely replicated and data are, therefore, means and
standard deviations throughout with the number of replicates being experiment-dependent
as detailed in the Results. When appropriate, data were analyzed by either a student t-
test or a two-way analysis of variance (Snedecor and Cochran, 1979).
RESULTS
Growth
The growth curve for £. versicolor in liquid medium appeared to be sigmoidal
during 15 days of culture at 25 + 2°C (Fig. 4).
Enzymplggy
Because the results from comparing 280 nm-absorbing substance levels and PPO
specific activities from non-dialyzed and dialyzed growth media revealed that dialysis
reduced the amount of 280 nm-absorbing substances from 10 to 6 mg 26 ml culture * at
15 days of a 16 day culture period and enhanced the specific activity of PPO throughout
the 16 day time-course, the time-dependent appearances of 280 nm-absorbing substances
and PPO within dialyzed mycelial homogenates and growth media were established.
These were performed to generate PPO specific activities in the absence of 280 nm-
absorbing substances less than 14000 MW. The time-dependent appearances of total
protein (280 nm-absorbing substances) and PPO for dialyzed homogenates are depicted
in Fig. 5A. Two peaks of total protein were observed, i^, 6 and 12 days in a 16 day
time-course. In contrast, the specific activity of PPO accelerated from day 4 to day 12
post-inoculation followed by a slight diminution.
With regard to the time-dependent occurences of280 nm-absorbing substances and
PPO within dialyzed growth medium, with the exception of day 3 of a 16 day time-
course, 280 nm-absorbing levels remained nearly constant between 1 and 6 days of
culture and then climbed to day 15 during the time-course (Fig. 5B). As for the timing
of PPO appearance within the growth medium, the specific activity of extracellular PPO
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Figure 4. Time-course for the growth of Coriolus versicolor in liquid culture. Data
are means and standard deviations where N=3.






Figure 5. Time-related appearances of intracellular (A) and extracellular 280nm
absorbing substances and PPO for dialyzed mycelial homogenates (A) and
growth medium (B). Data are means and standard deviations where N=9-
15 for the homogenates and N=21-29 (280nm absorbing substances) and
12-47 (PPO) for the medium.
mg 280nm ABSORBING SUBSTANCES 26ml CULTURE"
468To TIMEOFCULTURE(DAYS)
mg 280nm ABSORBING SUBSTANCES 26ml CULTURE"*
36
increased from day 4 to day 15 of the time-course except for a slight decline at day 9,
Substrate Specificity
Table 3 summarizes the specific activities of extracellular PPO employing three
phenolic compounds, catechol, gallic acid and syringic acid as possible substrates. For
day 9 medium, the PPO specific activity utilizing catechol as a substrate was 1.35 and
1.22-fold greater than those for gallic and syringic acids, respectively. At day 12, PPO’s
specific activity with catechol was 1.62- and 1.57-fold greater than those with gallic acid
and syringic acids, respectively. When these data were analyzed by a two-way analysis
of variance, there was no significant difference in substrate effects for the 9 day medium
samples but there were for 12 day (F2_4o = 3.23) and 15 day samples (F2 .17 = 3.59).
Time-Dependent Addition of Catechol
There was inhibition in mycelial dry weight (growth) in the initial and early log
phases with enhanced growth during the log, stationary and decline stages (Fig. 6).
Electron Microscopy of Hvphae
Scanning Immunoelectron Microscopic Localization of Polyphenol Oxidase:
Scanning electron microscopy of 3 day-old hyphae revealed that the surface topography
of the growing tip was smooth in contrast to the convoluted appearance of the surface of
the non-growing mature region of the hyphae (Fig. 8A).
Because SDS-PAGE of growth medium did not yield PPO purified to
homogeneity, antibody was prepared against authentic mushroom PPO (see Materials and
Methods) which migrated as a single band on SDS-PAGE. Table 4 displays the ELISA
quantification of antibody titer in crude serum. It is apparent that PPO antibody was
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Table 3








Catechol 9 930.08 ± 823.12
12 323.69 ± 180.25
15 1974.06 ± 702.51^
Gallic acid 9 686.54 ± 176.40
12 198.76 ± 63.64
15 311.87 ± 112.75
Syringic acid 9 759.58 ± 668.40
12 393.30 ± 279.20
15 1255.28 ± 942.37
‘Data are means and standard deviations where N = 9-15.
'’Significant differences for day 12 (F2,4o = 3.23) and day 15 ^ = 3.59) were
observed between the substrates.
Six data points from one sample.
Figure 6. Effects of time-dependent additions of catechol on mycelial dry weight.
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Well Row Across Microtiter Plate
2 3 4 5 6 7 8 9 10 11 12
A
b
o.sis 0.861 0.864 0,805 0.691 0.682 0.438 0.073 0.109 0.076 0.084 0.093
B 0.530 0.725 0.764 0.669 0.553 0.489 0.378 0.079 0.099 0.076 0.118 0.082
C 0.515 0.666 0.656 0.587 0.549 0.438 0.357 0.075 0.099 0.073 0.088 0.075
D 0.484 0.689 0.606 0.643 0.491 0.365 0.296 0.072 0.084 0,072 0.090 0.081
£ 0.4S9 0.530 0.516 0.443 0.376 0.321 0.222 0.081 0.099 0.079 0.089 0.099
r 0.396 0.439 0.404 0.276 0.266 0.181 0.151 0.074 0.091 0.074 0.087 0.086
G 0.333 0.329 0.260 0.205 0.151 0.142 0.123 0.072 0.090 0.075 0.081 0.077
K 0.073 0.068 0.072 0.074 0.069 0.075 0.068 0.071 0.087 0.074 0.075 0.069
a. See Adjacent Table for Identification of Rows.
A
490nm
Figure 7. Protein G chromatography of crude serum from rabbits immunized with





present in the serum and could be detected at a 1:3200 dilution of the serum. The
antibody could be separated from other serum proteins by protein G chromatography
(Fig. 7). Whereas the broad peak was not ELISA positive, the ‘sharp’ peak was positive
and ‘tagged’ with colloidal gold (Abrahamson, 1986) and subsequently employed for the
scanning immunoelectron microscopic localization of hyphal PPO. Colloidal gold was
outside the disrupted hyphal sheath (See arrows, Fig. 8B,C).
Transmission Electron Microscopy: Because SEM demonstrated that the hyphal
wall of the growing tip was morphologically different (smooth vs. convoluted) from that
of the non-growing region, TEM was performed to assess whether this difference was
reflected in the subcellular organization of the two hyphal regions. In addition, TEM
was carried out to ascertain the distribution of the organelles in spatial relation to the
wall at the hyphal growing tip.
Figure 9A,B compares the subcellular morphologies of hyphae pre-fixed in
glutaraldehyde and then post-fixed in OSO4 (A) or KMn04 (B). The non-growing,
mature region of a 3 day-old C. versicolor OSO4 post-fixed hyphae is composed of
prominent mitochondria (M) with well-developed cristae, a nucleus (N), lipid (L),
electron luscent amorphous masses (EL), electron luscent vesicles (V) containing electron
dense material and particles of much smaller and variable dimension. Some of the latter
are most likely non-membrane bound ribosomes. Although not clearly discernible here,
other micrographs revealed the occurrence of rough endoplasmic reticulum.
In contrast to the cytoplasm of the non-growing region, the hyphal growing tip’s
cytoplasm appeared to be devoid of mitochondria, lipid and nuclear material. Instead,
Figure 8. Scanning electron micrographs of hyphae
Panel A: Before tagging with antibody
Panel B: Colloidal gold labeled with Triton-X 100 treatment
Panel C: Colloidal gold labeled without Triton-X 100 treatment
HS = Hyphal Sheath, M = Glucan Matrix, Gb = Gold Bead
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Figure 9. Transmission electron microscopy of hyphae cultured for 3 days in a
defined liquid medium a Longitudinal section through the hyphal tip, b
and c Longitudinal sections of the hyphal non-growing region
A Top Panel = Glutaraldehyde pre-fixation, OSO4 post-fixation




the cytoplasm seemed to be characterized by an abundance of the electron luscent
vesicles (V) containing electron dense material. Certain of these masses appeared to
occupy a position adjacent to the plasmalemma at the very tip of the hypha where there
seemed to be an accumulation of electron dense material between the plasmalemma (P)
and wall (W). This accumulation did not appear to be visible in the space (symplasm)
(S) between the plamalemma and the multilayered wall of the non-growing hyphal region.
Like the non-growing hyphal’s cytoplasm, that of the growing tip abounded with electron
dense particles of very small dimensions. Both the non-growing and growing portions
of the hyphae contained what appeared to be invaginations of the plasmalemma (arrows)
partially enclosing circular structures of uncertain origin.
In contrast to OSO4 post-fixed hyphae, KMn04 post-fixed hyphae exhibited
leaching but well-preserved mitochondrial membranes. The organization of the growing-
tip appeared to be different from that of OSO4 post-fixed hyphae, Le^, the presence of
membrane delimited electron lucent masses was not observed.
Substrate Localization of Polyphenol Oxidase Within Hyphae
Table 5 presents the specific activities of PPO for hyphae cultured 12 days and
subsequently ‘pre-fixed’. The substrates that were employed were catechol and
dihydroxyphenylalanine (DOPA). When these were withheld, PPO activity was not
present in buffered glutaraldehyde-treated or buffer-treated hyphae. If hyphae were
treated with either cacodylate buffer or cacodylate-buffered glutaraldehyde, the PPO
specific activity was greater than that for hyphae which were not treated when DOPA
was employed as the substrate. In contrast, if catechol was utilized as the substrate, the
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Table 5. Comparison of Polyphenol Oxidase Specific Activities for Mycelia Cultured for
12 Days and Subsequently Un-Treated or Treated With Glutaraldehyde in Cacodylate






None, 30 min on ice lOOmM Catechol 43.14 ± 53.02
50mg 10ml ’ Dihydroxy-
phenylalanine
71.56 ± 0.00
0. IM Cacodylate buffer,
pH 7.4, 30 min on ice
lOOmM Catechol 41.84 ± 22.60
50mg 10 ml ’ Dihydroxy-
phenylalanine
128.40 ± 86.31
None 0.00 ± 0.00
2.5% Glutaraldehyde in
O.IM Cacodylate Buffer
pH 7.4, 30 min on ice
lOOmM Catechol 15.12 ± 10.66
50mg 10ml ’ Dihydroxy-
phenylalanine
146.12 ± 89.9
None 0.00 ± 0.00
Data are means and standard deviations where N=3 (Glutaraldehyde in cacodylate) and
4 (cacodylate and no treatment) replicate flasks.
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PPO specific activity was observed when hyphae were ‘pre-fixed’ with glutaraldehyde.
Biochemistry
Cell Fractionation: Another approach to defining the organelles mediating PPO
secretion centered about following alterations in PPO specific activity in subcellular
fractions prepared by differential centrifugation of hyphal homogenates (Fig. 3). The
time-dependent changes in PPO specific activity in these fractions are depicted in Fig.
10. Whereas the specific activity of PPO in both the total homogenate and 105,000 xg
supernatant remained constant with time, marked alterations in this activity were apparent
for other fractions. For example, PPO spc. act. within the 10,000, 40,000 and 105,(XX)
xg pellets increased from day 0 to day 3 of culture and thereafter declined. In contrast,
PPO specific activity for the 1,000 2^ pellet rose to day 6 and then diminished. If
mycelia were homogenized with a mortar and pestle, the PPO was rendered cytosolic.
Partial Purification of Extracellular PPO: To achieve partial purification,
‘crude’ growth medium was subjected to dialysis and then a 0-30% ammonium sulfate
fractionation ‘cut’. The alterations in extracellular PPO specific activity which occurred
as a result of applying these procedures are summarized in Table 6. Whereas dialysis
of ‘crude’ growth medium yielded a 2.17-fold enhancement in PPO specific activity, a
0-30% ammonium sulfate saturation ‘cut’ resulted in 94% of the PPO activity being
recovered within the 12,(XX) xg supernatant of the sulfate-fractionated, dialyzed media.
When the PPO specific activity within this supernatant was compared to that for PPO
within the crude medium, a 3.27-fold elevation was observed.
Ion exchange chromatography: To assess whether PPO within the growth
Table 6 Recoveries of mg 280nm Absorbing Substances and Polyphenol Oxidase Through Sequential Fractionation of
Extracellular Growth Medium













Dialyzed plus 0-30% Saturation
(NH4)2S04 Fractionated Medium




8.44 ± 0.88 (35%)”
15.52 ± 1.48 (65%)”
2488.28 ± 722.48 (100%)”
0.00 ± 0.00 (0%)”
00
Dialyzed plus 0-30% Saturation
(NH4)2S04 Fractionated plus
DEAE Chromatographed Medium
77% of that in
12,(XX) 2^ Supernatant
of (NH4)2S04 cut
25 mM KH2PO4 - K2HPO4
Buffer Lacking 1 M NaCl
5.28 ± 1047 (80%)' 381.20 ± 116.30‘ (68%)'
25 mM KH2PO4 - K2HPO4
Buffer containing 1 M NaCl
1.30 (20%)' 180.10 ± 71.20(32%)'
•Total activity declined affecting the specific activity
'Percentages represent distribution of 280nm absolving substances and polyphenol oxidase when 12,000 xg supernatant and
pellet data added together (b) or 25mM KH2HPO4 buffer lacking and containing NaCl data added together (c).
Figure 10. Time-dependent changes in PPO specific activity in subcellular fractions
prepared by differential centrifugation of hyphal homogenates. The RCFs





medium could be further purified by ion exchange chromatography, experiments
centering about chromatography of commercial PPO on both DEAE-Sephadex A50
(anionic resin) and CM-Sephadex C50 (cationic resin) were performed as mentioned.
Layering of authentic PPO onto phosphate buffer-equilibrated resins followed by elution
revealed that PPO did not exchange with the counterion of CM-Sephadex C50 but did
with DEAE-Sephadex A50 (data not shown). The bulk of the PPO (90.9 ± 5.5) could
only be eluted from the latter exchange resin with phosphate buffer containing high ionic
strength salt. Therefore, 13 day growth media from 26 ml cultures which had been
dialyzed and subsequently subjected to ammonium sulfate fractionation was layered onto
a column of Sephadex DEAE-A50 prior to eluting the resin with phosphate buffer lacking
1 M NaCl and then containing the salt. The results of three replicate experiments are
presented in Table 7. Like authentic PPO, the bulk of the medium PPO activity
recovered from the DEAE-A50 resin was eluted with buffer containing 1 M NaCl except
for experiment 2. In contrast to PPO, the recoveries of 280 nm-absorbing substances for
the three experiments differed with experiments two and three exhibiting either most or
all of the recovered protein within the salt-eluted fraction. For experiment 1, the
recovery was reversed, Le,., most of the protein was eluted without high ionic strength
salt.
Sephadex Gel Filtration: A Sephadex G-150 elution profile of PPO within
growth medium is depicted in Fig. 1 IB. Two 280 nm-absorbing peaks were witnessed
with one of these eluting in the void volume and overlapping in part with the retarded
protein peak. The position of this peak was similar to that of authentic PPO (Fig. 1 lA).
Table 7 Recovery of potein and polyphenol oxidase from DEAE-Sephadex following chromatography of dialyzed and ammonium sulfate fractionated growth
medium
Eluted Condition Source of PPO % of total 280 nm-absorbing substances recovered % of total polyphenol oxidase
recovered
Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3
pH 6.5, 25 mM KjHP04 Mushroom thallus 20.1 ± 6.9*’
KHjPO, minus 1 M NaCl C. versicolor erowth medium 82.8 ± 1.0* 28.4 ± 8.5' 0.0 ± 0.0 6.2 ± 6‘ 62.9 ± 28.8' 8.6 ± 7.1'*^
pH 6.5, 25 mM KjHPO^ Mushroom thallus 70.9 ± 6.8'’
KH2PO4 plus 1 M NaCl C. versicolor erowth medium 17.2 ± 1.0* 71.6 ± 8.5' 100.0 ± 0.0 93.8 ± 6.0*-' 37.0 ± 28.0' 91.4 ± 7.1'*-'
Data are means and standard deviations from 3 replicate flasks.
Sigma Chemical Co. commercial enzyme was subjected to DEAE-Sephadex chromatography only and enzyme detected at 280 nm; data are means
and standard deviations from 4 replicate experiments.
Date are means and standard deviations from 3(280 mn-absorbing substances) and 4 (polyphenol oxidase) replicate flasks.
Significantly different from the PPO eluted with buffer lacking salt at p =0.001.
Figure 11. Sephadex G-150 elution profiles of authentic PPO (A) and 280nm
absorbing substances and PPO within crude growth medium (B). Data are
means and standard deviations where N=3 (B) with complete recovery
of the layered protein being achieved. The A280nm data for (B) represent







































The growth of £. versicolor cultured within a defined liquid medium (Fig, 4)
appeared to follow a sigmoidal curve although the elevated standard deviations allow for
other interpretations. This repeats that reported by Taylor et al. and suggests that this
curve does indeed reflect the time-dependent growth pattern of Q. versicolor for a
defined liquid medium. The value of the curve is that it offers a chance to investigate
the possible regulation of C. versicolor in vitro growth by tree-synthesized phenolic
compounds, purported disease-resistance factors. This was initiated by Taylor et al.
(1987a) who demonstrated that £. versicolor’s growth in liquid culture responded in a
time-dependent bimodal fashion to catechol, which may provide ‘useable’ information
regarding the mechanism(s) by which certain fungi degrade wood.
Enzvmologv
The demonstrated time-dependent occurrences (Fig. 5A) of two intracellular 280
nm peaks subsequent to mycelial homogenates’ dialysis (removes substances < 14,0(X)
MW) may reflect the ‘turnover’ of two different classes of enzymes as £. versicolor
has been reported to elaborate both cellulolytic and ligninolytic enzymes into its culture
medium. To test this, the proteins which compose peaks one and two could be both
isolated and characterized by standard protein purification procedures as well as assay
of cellulases and ligninases. The significance of the latter to white-rot fungal-promoted
lignin biotransformation has recently been reviewed.
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On the other hand, the two different 280 nm-absorbing peaks may represent
proteins which are destined to be intracellular and those which are to be elaborated into
the growth medium. This could be tested by devising procedures which may inhibit
secretion. For example, if C. versicolor extracellular enzymes are glycoproteins, then
inhibitors of glycoprotein glycosylation may be of value.
In this connection, the time-dependent appearance of intracellular PPO (Fig. 5A)
more closely coincided with the occurrence of the second protein peak. This correlation
supports the possibility that one of the protein peaks represents those proteins which are
to be secreted, e.g.. PPO is elaborated into the C. versicolor external milieu.
The time-related occurrences of PPO activity within the growth medium (Fig. 5B)
substantiate the previous findings of Taylor et al.(1987a) that £. versicolor elaborates
PPO into the external milieu. However, some differences in the time-course for
extracellular PPO were noted from that reported by Taylor et al. For example,
extracellular PPO activity was detected prior (3 day post-inoculation) to that (8 day post¬
inoculation) by Taylor et al. There are various explanations for these differences, e.g..
longer PPO assay times were employed in the present investigation than those performed
by Taylor et al. This resulted in the detection of low PPO activity early in the time-
course. In addition, dialysis of the growth medium yielded a reduction in the 280 nm-
absorbing substances thereby enhancing the PPO specific activity throughout the time-
course for extracellular appearance. This reduction was most likely due to low molecular
weight 280nm-absorbing substances as the dialysis tubing which was employed possessed
a molecular weight ‘cut-off of 14,000. Thus, the time-dependent appearances of both
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extracellular Protein and PPO displayed in Fig. 5B most likely reflect the temporal
fashion by which £. versicolor elaborates non-PPO protein and PPO into its growth
medium.
The time-courses for intracellular (Fig. 5A) and extracellular PPO (Fig. 5B)
suggest that there may be a precursor-product relationship between intracellular and
extracellular PPO, L£i, the latter may be derived through secretion of the former as
intracellular PPO ‘turns over’ at day 12 of culture while extracellular continues to
accumulate until day 14. This could be tested by calculating the rates at which
intracellular PPO turnovers and extracellular accumulates. In addition, intracellular PPO
could be purified to determine whether it is similar in amino acid composition and MW
to extracellular PPO. In this connection, it is well-known that certain higher plants, e.g..
Daucus carota (Soderhall et al., 1985) and Mucuna pruriens (Wichers et al., 1984)
contain a prophenoloxidase.
Time Dependent Additions of Catechol: Figure 6 reveals a bimodal growth
response following the time-dependent addition of catechol. However, the growth
medium became quite pigmented neccessating the time-dependent addition of the phenol
followed by subsequent transfer of the hyphae to catechol-free medium. This should
allow for assessment of whether exogenous catechol can induce PPO synthesis.
Cytochemical Distribution of Hyphal Macromolecules
Polysaccharide and total protein appeared to be distributed throughout the length
of the hyphae, L^., preferential localizations were not observed in sections of hyphae.
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Electron Microscopy of Hvphae
Scanning Immunoelectron Microscopic Localization of Polyphenol Oxidase:
Scanning electron microscopy of 3 day-old hyphae revealed that the surface topography
of the growing tip (pollen tubes, root hairs and fungal hyphae are tip growers) was
smooth in contrast to the convoluted appearance of the surface of the non-growing,
mature region of the hyphae (Fig. 8).
Whereas the broad peak was not ELISA positive, the ‘sharp’ peak was ‘tagged’
with colloidal gold (Abrahamson, 1986) and subsequently employed for the scanning
immunoelectron microscopic localization of hyphal PPO. Colloidal gold was associated
with the hyphal sheath (Fig. 8), an extracellular trilamellar structure (Dowsett, 1981;
Evans et at., 1981; Palmer et al., 1983; Foisner et al., 1985,1986). This suggests that
before PPO is elaborated free into the growth medium, it associates with the external
surface of the hyphae. To determine the mechanism by which the enzyme becomes
extracellular, in progress transmission immunoelectron microscopy (Knox and Clarke,
1978; Roth, 1983; Altman, 1984; Green et al., 1991) is serving to determine the time-
dependent intracellular distribution of PPO. This approach is an alternative to the
substrate localization procedure and PPO kinetic analysis of cell fractions method.
Transmission Electron Microscopy: The origin, chemical composition and
function of the electron lucent amorphous masses are unknown at the present time. The
observation that certain masses were closely associated with the plasmalemma at the very
tip may reflect their involvement in secretion of intracellularly-produced chemicals to the
external milieu. Indeed, the tip-most 3-5 /xm of the growing lily pollen tube contains
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Golgi-complex-derived vesicles whose contents are apparently deposited into the tube
wall (Rosen et al., 1964). Furthermore, accumulations of vesicles have also been
reported in the growing tips of Achylia hyphae (Hill and Mullins, 1980). Whether the
electron lucent masses are vehicles for the transport of intracellular chemicals to the wall
and/or external milieu could be established by high resolution radioautography following
pulse-chase experiments with appropriate radionuclides (Dashek and Rosen, 1966) and
chemical characterization of the masses following their possible isolation and purification
from hyphae. If the electron lucent amorphous masses are similar to the vesicles present
in Lilium pollen tubes (Dashek and Rosen, 1966) and Achylia (Hill and Mullins, 1980)
hyphal tips, they may counterstain with phosphotungstic (PTA) acid which when
combined with chromic acid as PTA-chromic acid-positive material could suggest the
presence of glycoproteins.
The origins of the amorphous masses, which upon examination at high
magnification demonstrated that they were, at least, in part membrane-bound, are
unknown. If the masses represent the coalescence of vesicles, they do not appear to have
originated from Golgi complex-derived vesicles as the micrographs in Fig. 8 do not
possess distinct dictyosomes.
The function of the purported plasmalemma invaginations remains to be
established. Indeed, the possibility exists that they are not invaginations but rather
membrane-encased cytoplasmically-derived structures en route to the wall and/or the
external milieu.
The copious occurrences of mitochondria within the non-growing region of the
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hyphae suggests a high rate of metabolic activity. This would be in keeping with a tip¬
growing system as these systems exhibit very rapid growth rates (Rosen et al., 1964).
Lastly, it may be of value to compare the ultrastructure of hyphae grown in liquid
culture with those grown in silU- In this connection, Hale and Eaton (1985a,b,c) have
examined the ultrastructure of soft-rot fungal hyphae found in wood cell walls.
Substrate Localization of Polyphenol Oxidase in Hyphae - The detection of PPO
in hyphal homogenates following ‘light’ pre-fixation with glutaraldehyde supports the
findings of Czaninski and Catesson (1974) and Eppig (1974) who reported PPO activity
subsequent to pre-fixation with glutaraldehyde. Because PPO activity against DOPA
occurred after pre-fixation, post-fixation was performed to obtain the TEM substrate
localization of PPO (Martyn et al., 1979; Vaughn and Duke, 1981) within hyphae. As
previously mentioned, this procedure resulted in slight plasmolysis. Therefore, a
modification of this procedure is required.
Biochemistry
Cell Fractionation: Another approach to defining the organelles mediating PPO
secretion centered about following alterations in PPO spc. act. in subcellular fractions
prepared by differential centrifugation of hyphal homogenates (Fig. 3). The time-
dependent changes in PPO spc. act. in these fractions are depicted in Fig. 10. Whereas
the specific activity of PPO in both the total homogenate and 105,(XX) xg supernatant
remained constant with time, marked alterations in this activity were apparent for other
fractions. For example, PPO spc. act. within the 10,000, 40,000 and 105,000 pellets
increased from day 0 to day 3 of culture and thereafter declined. In contrast, PPO spc.
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act. for the 1,000 pellet rose to day 6 and then diminished. If mycelia were
homogenized with a mortar and pestle, the pellet was rendered cytosolic. It is premature
to render conclusions regarding PPO synthesis and transport via the organelles
constituting these fractions until an in progress combined TEM and marker enzyme
analysis (Quail, 1979) is completed. Each fraction is being assayed for pH 6.0 and 9.0
stimulated ATPase (mitochondrial and plasmalemma marker enzymes, respectively -
Hodges and Leonard, 1974), inosine diphosphatase (dictyosome marker, Dauwalder et
al., 1969) and NADH cytochrome C reductase (endoplasmic reticulum marker, Hatefi
and Rieske, 1973).
Partial Purification ofExtracellular Polyphenol Oxidase: Although there are some
previous reports within the literature related to the purification of £. versicolor PPO,
these appear to have been concerned with the laccase (Konishi and Inoue, 1974)
component of the PPO complex rather than PPO itself. Fahraeus and Reinhammer
(1967) have employed catechol as a substrate to quantify laccase activity which was
partially purified by dialysis and ammonium sulfate fractionation. Fric (1976) has
clarified much of the terminological confusion which exists within the polyphenol oxidase
literature by distinguishing PPO activity (EC 1:10:3:1) from laccase activity (EC
1:10:3:2) of the polyphenol oxidase complex via substrate specificites. The present
investigation dealt with PPO activity against catechol rather than laccase activity. It
would be of interest to assess whether our preparations can exhibit laccase activity
against p-hydroquinones. The data within Table 6 indicate that extracellular PPO can be
purified 3.07-fold via sequential dialysis and 0-30% ammonium sulfate fractionation. As
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previously mentioned, the fact that the specific activity of extracellular PPO increased
after dialysis indicated that the growth medium contained 280nm-absorbing substances
< 14,000 MW. Furthermore, the enhancement of PPO specific activity within the
12,000 2^ supernatant of the 0-30% fractionation ‘cut’ suggests that this ‘cut’ eliminated
some non-PPO protein. This could be verified by subjecting aliquots (same amount of
protein) of crude medium, dialyzed medium and dialyzed ammonium sulfate-fractionated
medium to Laemmli SDS-PAGE electrophoresis following Coomassie blue staining to
determine whether protein bands were lost through the sequential protocol employed in
Table 6. Preliminary SDS-PAGE indicated that combined dialysis/(NH4)2S04
fractionation removed at least one of four protein bands present in dialyzed growth
medium.
With regard to ammonium sulfate fractionation, the PPO within the 12,(XX) 2^
supernatant resulting from ammonium sulfate fractionation may be further purified by
partitioning between 40 and 90% ammonium sulfate as this ‘cut’ was successfully applied
in the purification of Mucuna prurien’s PPO (Wickers et al., 1984).
Ion exchange chromatography: Because mushroom (a fungus) PPO eluted with
high ionic strength salt from a DEAE-Sephadex A50 column (Table 7), dialyzed and
ammonium sulfate fractionated £. versicolor growth medium was subjected to DEAE
chromatography. The PPO within fractionated medium could be eluted with high ionic
strength salt in 2 of 3 experiments. The reasons for the failure of the one are not readily
apparent.
The elution of PPO with high ionic strength salt from a DEAE resin is consistent
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with that observed by Wichers et al. (1984) who used this anionic resin following
ammonium sulfate fractionation and celite chromatography to partially purify the phenol
oxidase from suspension cultures of Mucuna pruriens. In addition, Soderhall et al,
(1985) used DEAE cellulose chromatography following ammonium sulfate precipitation
in an attempt to purify a prophenoloxidase from Daucus carota L. cell cultures. This
observation coupled with the present findings suggest that there may be some chemical
similarities between fungal and higher plant phenol oxidases (Mayer and Harel, 1990).
This could be tested by establishing the co-factor requirements as well as the molecular
weight of £. versicolor PPO once purified to homogeneity. In spite of the widespread
involvement of DEAE chromatography in purifying PPO from various plants, an
elevation in PPO specific activity was not consistently noted in the present investigation
prompting a requirement of repetition of PPO chromatography upon DEAE.
Related to purification, filtration of crude medium upon Sephadex G-150
separated PPO protein raising the possibility that an enhancement in PPO specific activity
may be obtained via gel filtration. In this connection, preliminary Sephadex G-150 gel
filtration of dialyzed, ammonium sulfate treated and DEAE salt-eluted medium PPO
yielded a similar PPO elution profile to that for crude medium but a reduction in the
protein content of peak two.
Finally, we are continuing to develop a purification protocol which will ultimately
lead to a single band upon a Laemmli SDS-PAGE gel and a significant fold-purified.
This purification is centering about the combined protocol of Sephadex G-150 gel
filtration and hydrophobic interaction chromatography on phenyl sepharose C-L4B and
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may also involve celite and DEAE-sepharose chromatographies as well as hydroxylapatite
chromatography. The techniques have been employed in the purification of higher plant
polyphenol oxidases (Wong et al., 1971; Flurkey, 1985; King and Flurkey, 1987;
Lanker, 1987; Moore and Flurkey, 1990). Once purified to homogeneity, PPO’s
molecular weight will be established by calibrated Sephadex gel filtration and Laemmli
SDS-PAGE. This together with purification of C. versicolor PPO are required in an
effort to ‘raise’ antibody to the enzyme (Flurkey, 1986). The antibody will serve as a
probe for the re-examination of the immunocytochemical localization of hyphal PPO.
In summary, the current results of hyphal TEM, the projected results of TEM
substrate localization and immunogold labeling localization of hyphal PPO and the
present and future results of combined cell fractionation/kinetic analysis should yield the
route of PPO secretion. This may possibly enable the control of secretion, e.g.. are
there differential energy gradients for synthesis vs. secretion? This is currently being
explored through the time-dependent addition of respiration inhibitors such as sodium
azide and sodium fluoride (Ross, 1974) followed by the quantification of intracellular and
extracellular PPOs. Preliminary data indicated a two to five fold enhancement in
intracellular PPO specific activity when sodium azide and sodium fluoride were added
to the growth medium, respectively.
Thus, a combination of substrate induction of PPO plus enhanced secretion may
provide an alternative to recombinant DNA technologies (Stewart, 1989; Kirk and
Chang, 1990; Williams et al., 1990) for the over-production of PPO. Finally,
experiments have been initiated to quantify the time-dependent alterations of intracellular
64
and extracellular cellulase and ligninase because of their significances to the paper-pulp
industry and agricultural community.
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